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SYMBOLS

a. Sonic velocity in the Jet, ft/sec

c Chord length, ft
C Sectional profile drag coefficient from momentum loss in

wake, corrected for additional mass efflux of the jet

Cd Equivalent drag coefficient, Cd + C 4 + 00

CL Sectional lift coefficient

CL Maximum sectional lift coefficient-obtainable within
Imax test C limitations

LC mPitching moment coefficient about the half- chord
i50

C Pressure coefficient, -;

C Momentum coefficients AV J/ (q.s)
d Profile drag corrected for jet mass e±'fluxs lba

2
d de Equiva~lent drag, lbs, d + 2 - + )hVw

h Slot height, in
£ ~Sectional lif't, lb

tIde Equivalenit section lift-drag ratio

Mass efflux, slugs/ueu
14 Mach number in the jet

F~ree atrew~ Match number

Local static pressure on the model, lb/ft
:Duct (plenum). total preuwure,, lb/IVt

Free s~treamz static pressures lb/ft

Free stream dynamnic pressures lb/ft

UUniversal. gas Constants 1715 ft /see r%
'11 Reynolds number based on chord

ea

3 Model. platiformi area, ft

V
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SYMBOLS (Cont.)

T Jet static temperature, 0R

Tt Duct (Plenum) total temperatrue, 0R

V. Jet velocity, ft/sec

VW Free stream velocity, ft/sec

x Chordwise distance from leading edge, ft

X/c Dimensionless chordwise position

01 Geometric angle of attack, deg

y Ratio of specific heats

*I
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S~SUMMAY

[ - Two relatively thin Circulation Control (CC) elliptic airfoils

L, were tested subsonically to determine their characteristics as proposed

helicopter rotor tip sections. These airfoils, employing tangential

trailing edge (Coanda) blowing, had shown very promising transonic

characteristics in previous tests. It was the purpose of the subsonic[ retests to determine if these thin sections could generate low speed

characteristics which would be equally impressive. Due to its more

/ forward slot location, the 15-percent thick pure elliptic section
displayed effective subsonic operation at positive angle of attack,

Slireducing drag while producing lift coefficients up to 3.5. The rounded

trailing edge configuration, with further aft slot and better Coanda
deflection of the jet, generated lift coefficients up to 4.25 (with

I. a preference for negative incidence), but experienced higher drag

levels. As a result of the small nose radii and low test Reynolds

number, both sections were limited in performance by leading edge

separation. At a fixed momentum coefficient, variation in slot height

", indicated -that better performance was obtained for reduced heights.
This was due primarily to higher energy levels in the jet sheet, but
the lower bound on slot height was limited by boundary layer buildup

in very small nozzles. Comparison of both CC sections to the more

conventional NACA 0012 blade section indicated far greater lift
l . ." capabilities with circulation control. 'However, due to'blowing power

requirements, equivalent efficiency was less at positive incidence
than for the conventional section.:

I



[ INTRODUCTION

Previous transonic tests (Reference 1).of relatively thin Circulta-

tion Control (CC) airfoils had revealed very promising characteristies

for application to helicopter rotor tip sections. This effective
performance of the CC airfoils, which empl.oyed tangential trailing edge

L blowing, 'was obtained if detachment of the Coanda jet could be delayed

or prevented. One of the models tested, a pure elliptic CC section of

[ 15-percent thickness-to-chord ratio, was able to control the jet detach-

ment, and thus showed effective high speed performance based on its,I ability to:

1. Maintain good transonic equivalent lift-drag ratiosI at relatively hi&% lift coefficient,

2. Reduce drag by thrust recovery in a manner similar
I 'to jet flap devices and thus increase the dra~g

* divergent Mach number,

.1.3., Control shock wave location and associated boundary

* 'layer separation..

HIowever, an effective rotor tip, section must also satisfy the cyclic

requirements of the, rotor to alternately.-operate in the subsonic-flow

regime experien~ed by the retreating blade.
It has been. ahown (e.g., Beferences 2, 3, 4 5) that modifiedtelliptic CC septions,. employing variations in. thickness, slot height,

trailing edge radiua, and camber,, have been able to generate very high
litt coefficient and equivalent lift-drag ratios, both at aubsonic
speeds'and small angles of attack. It war, the puWose of the present

tests to determine if the two thin tranconic.CC elliptic sections would
V also be able to generate these impressive subsonic characteristics.

Also desired were their aerodynamic characteristics over a wide ax4je

of attack range .(-20O 0 ate +200), which would allow comparison to a

more conventional -rotor aection such as the 1NA(A 0012. Determination

of .the influence of variation-In slot height aud looation. was an

adlditional objective.ý



MODELS ANlD TEST APPARATUS

Of the three model sections tested transonically (Reference 1),

the two tangentially blown ellipses were cbv-qen for the subsonic retests.

The two differ only in the geometries of theiLr trailing edges., which are

interchangeable in a common leading edge. Details of their design

criteria and constructions are presented in Reference 1 and are thus
omitted here. Their geometries as retested are shown in Figure 1 of
this report. The major characteristics of each model are discussed
below, along with any minor changes necessary for subsonic tests.

MODELS

The basic model was an uncembered geometric ellipse of 15-percent

thi~kness-to-chord ratio, hereafter referred to as the "pure ellipse".

An 8-inch chord and an upper surface tangential slot at 7.39 itiches from
the leading edge yielded a slot position of 92.4 percent chord. The
0.09-inch trailing edge radius of the pure ellipse produced a radius-
to-cliord ratio of 0.01225. This basic trailing edge was interchangeable
with another having a larger radius of 0.31 inch, which reduced the
overall chord to 7.70 inches. This second model., referred to as the
"1rounded ellipse" thus had a thickness-to-chord ratio of 15.6 percent)
a trailing edge radius-to-chord ratio of0.00403o and a slot location. of
ý9 percent. Both models were constructed of 0.25-inch fiberglass finished
to 600 fineness.* A steel blade formed the upper surface of bhe slot and
was so situated that the slot exit was the minimum area throat of a smoothly
converging nozzle. Two modifications to the models were made: the
addition of-separate hiah pressure internal plenums at each end of the

* sapan, and flow fences$ both of which are. discussed below.

TEST APPARIATUS AND 1ECIINIQUE

The two-dimensional tests were conducted in the NSKM) 151# x COIN
subsonic tunnel which has a 16.1 contraction ratio and a partially'open
test section. Vlexiglas~s tunnel walls alloved flow visualization by
weauns of both tufts and oil flow, the-latter making, use of an ultra-
violet light and flu orescent die. Both models were pressure tapped along
the center span as denoted in Figure 1. Lift and pitchinig =cment



coefficients were obtained by numerical integration of pressures from

those taps as recorded on a 144 port multiple scannivalve readout.

These coefficients were corrected by adding the vertical jet reaction

component to lift, and both horizontal and vertical jet components to

the pitching moment. Standard solid blockage corrections were applied

to free stream dynamic pressure; no wake blockage corrections were used

due to uncertain effect of the jet. Comparison of test pressure distri-

[ bution near the mid-chord agreed very well with potential flow, thus

indicating that streamline curvature (camber) effects were negligible.

In addition, experimental pressure distributions (see for example

Figure 23) very clearly showed that C = 1.0 was being calculated from
* p

* I measurements at the leading edge stagnation point, thus indicating

9; ~that corrected values of qwere very close to the true values.W

Drag measurements were made using a wake rake approximately 1.5

chord lengths downstream of the model. This rake employed 54 total

pressure and 8 static pressure tubes in a 15-inch height, with the

I tubes more heavily concentrated near the centerline, The momentum
deficit methods of both JoneaL and Betz (Rei~erenee 6 were used to

reduce the pressure.data to coefficient fom. To account 'for additional

momentim f rom the jet, it war, necessarýý '- correct the drag coefficientý

of both imetho~ds by the addition of Njwý ao noted in Reference S.

The rake itself' was -inclined upwards 10 degrees fron the-free strewn.
to omensteforan agulArity errora due to the tuning A.uc

of the jet.
Tro fausure that 'teSt Uonditiotut wer -ac~tuality a, ecl3t

two-dimens9ional das poasiAble1 especially -ift the high lift CA.je3s, aeVer't

Additional techaiquos were employed.: Because, very highý te~aliling ted
sucton eaksandausuiatd aver~e pressure. gradienta wre ~~ce.

U~tie of theuse sections, strong trailing edge vortklity rrequkeotly-.

formed as the adverse gvra tits and 'tunnel wall boundary layers inter..

acted. To c~ounteract this,, Separate internall plenMS~ LWere intaedi

the model at eaeh end Withj regulated hihsupply prejsure Zsepat.ate from

the main Plenum. (aee ill ererenee 2 for -details.) Whent properly adjuated

for each teat condition (i.ev,o bloving coefficcaent and angle o~f attack)

.3



these "tip jets" were able to energize the wall boundary layer and
greatly reduce or even eliminate the trailing vortices and associatedJ

induced effects. Hiowever,, the increased velocity and mass efflux f~rm
the tip jets tended to exit three-dimensionally, interfering with the]

lesser velocity main .plenum flow and producing some spanwise variation.

To prevent this, thin flow fences were installed between the tip Jets
and main plenum. These confined -the tip jets to a narrow channel near

the tunnel wall, where they could still strongly affect the vorticity.

The resulting two-dimensionality was then verified by spanwise staticI'
* - taps located near the trailing edge, and the requi red tip je:. pressure

was- ascertained by a cottc-. tuft which would cease to spin !ý1en thej

0 vorticity was eliminated.

Mass flow rate fih) was measured by an orifice pl-,ý inserted in
the main supply line and calibrated for Reynolds num~ber effects. Jet

*velocity (V.) was calculated assuming an isentropic expansion from duct

(plenum) total pressure to-free stream 'static ressure:

V~~ ~~*aj4.. Fv 14JI t( ) l( )i I
The :moatntuw coefficient waa, t1hen -defined- a4?

A tatuti calibration of~ fiozzle he1l~vt ."nsioii utider Prez..ure Allowed
a- deter*titat ian of h setoic'fo rate, anid -thuz the ratio of.
metaured to ioentropit -iicould be determined, Thi ~ jai wa i owd to0
be t~etieeti 0.90) and 0.96 over the entire duct pres3um- ra*ige, thu4
lttdicatiti the. relAtive eflficiency or. the n~e

ill "li
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I DESIGN AND TEST CONSIDERATIONS

The basic design considerations for the present models were those

relating primarily to effective transonic performance (Reference 1),

with no new design changes being made for the subsonic tests. It should

-be noted that, whereas the pure elliptic shape was the superior of the

two transoniacally (where the jet detachment criteria was of such impor-

tance), it would be expected that subsonically the rounded ellipse

should be the better performer due to its veiy effective Coanda jet

S•turning-and resultant high lift augmentation. (See Reference 7 for

-more detailed discussion of subsonic CC design.) It is necessary to
L

place some reservation on this prediction, because angle of attack and

slot location can strongly influence the subsonic effectiveness of CC

sections. Figure 2 presents potential flow -ressure distributions for

the pure ellipse at C£ A 1.O. Usual design procedure is to locate the

slot slightly ahead of the adverse pressure gradient, which, except for

higher positive angles of attack, is far aft on the airfoil. This

location leads to high energy levels in the Coanda jet and assures

favorable jet attachment and turning, and thus high lift augmentation

at small or negative incidences. However, at positive angles of attack,

the adverse pressure gradient is farther upstream, and the far aft slot

has a reduced effect on it. Reference 3 indicates that for constant

blowing (C constant) at positive incidence, forward movement of the

slot produces an appreciable increase in stalling angle of attack while

maintaining; a constant lift curve slope. This result is due primarily

to a re-energizing of the upstream boundary layer and prevention of

"upper surface separation. It is, unfortunately, also associated with

reduced C xsince the energy level in the jet has _been reduced when

it reaches and attempts to negotiate the trailing edge curvature. Thus

an important aspect of the present tests was to observe any increase in

. ' performance at positive incidence produced by the pure ellipse, with a

slot location about 3.6 percent chord ahead of the rounded configutation.

Although Reynolds number effects on scaling should be very 3mall

(since a full scale blade should only have, two to three times the chord

5

1. 
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of the model), a series of preliminary runs was made at variable free

stream dynamic pressure (from 5 to 55 psf) and thus variable R . At
e

low blowing, curves of vs. C for q. = 55 psf showed caly a slight

deviation from those at q, = 20 psf. As C was increased the curves

tended to coincide, thus indicating an entrairnment of flow into the

boundary layer, and apparent elimination of variation with Reynolds

number. From a practical standpoint, it was desirable to run at a
lower q., since a given duct pressure range would then yield a larger

range of C . Thus, the data published herein is all for a free stream

dynamic pressure of 20 psf and Reynolds numbers in the range of 520,000
to 550,000. The upper limit of C was determined from the duct pressure

at which the jet sheet impinged on the tunnel floor, yielding separation

of the floor boundary layer and causing "wash out" of the rake and dif-

fuser. In certain cases of very high trailing edge suction peaks,
pressure coefficients as high as -18.0 were generated, thus reaching the

limits if the 2.5 psid transducers in the scannivalve. Based on these

two limitgtiotsmand depending on slot height, duct pressure maxiina of 50
and 4O in. It. were set for the pure and rounded ellipse, respectively.

Figure 3 presents the measured momentum coefficients associated with
the range of' duct pressures for several slot heights on both models,

while Figure 4 presents the corresponding ratios of isentropic jet

velocity to measured free stream velocity. The much higher range of'

C for the pure ellipse was available because the smaller trailing
;edge radius did not allow large jtt turning angles before detachment,

and. thus the restrictions of floor impingement and high negative

pressures were-avoided. It should be noted that, due to the high

mass flow rates•and/or pqentm pressures required, veiy la 1e values

,of momentum coefficient are not--of practical usage for application to
-CC rotors.- A reasonableý and-practical upper limit might be on the

order of C 4 0.30.

- . ..-.....
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RESULTS AND, DISCUSSION '

PURE ELLIPTICAL TRAILING EDGE •

Lift i

-- ---- -

SThe 15-percent pure elliptic section was subjected to testing

over the angle of attack range -12° !r ci i 20°, with momentum coeffi-

cients 0 !5 C• 0.77 and for two slot heights, h = 0.01 inch and 0.025 ,
[inch. Figures 5 and 6 present lift data as a function oftC for constant i

o and slot height. The initial sharp rise in the curves at low blowing

I I

• ~is usually attributed to boundary layer control, and the reduced slope at
higher C is a result of supercirculation. Note that there did not
appear to be any lift drop-off with increased blowing omC stall") at

any angle of attack, and that the maximum lift augmentations of 30
(Figure igt) Thccurred at the very low values of blowing. A maximum liftI coefficient of less than 2.8 for C y 0.30 does not appear outstanding

in the light of other CC results,u ue.g., References 4, 5t 8r and n0)

I ']

and the lack of extreme high lift capability can be attributed to

several conditions: (1) absence of large trailing edge radius associated
with strong Coanda flow turning; (2) more forward slot location thon

usual (i.e., 95-96 percent chord), leading to a lower energy level in
the jet at the trailing edge, and (3) sharp nose radius producing

leading edge separation. 'With regard to this last point, a thorough
aoflysis of pressure distributions in the nose regian (especially in
ithe peaky cases of high • tr increased C,) indicated that the bends in

the lift curves of Fiberem 5 and 6 werevery closely associated with

the pressure rise (puction peak drop) characterietic of a local

separation. The fact that this phenomenon ws very localized apr d was

I ~ ~not accompanited by complete upper sur'face separatiot, points strn:,.gly to "
the leading edge laminar separation bubble. t igure 8 depictn," detailsh

iof the oresmaonrof this bubble at i = 3 degrees, h o (.p1 inch. i t
should also be tated that this problem could quite likely be inluenced

by the low test ReFngolds numner, which suggests ttthe high lisi t w

conditions should bee rer at increased R.- l e

o : th ±'oato ±' thi bubble.at.. ,, 3 degr,'ees•'..'•',.. h', - 0,•.0.• inch . . ,It•_'r•r-.~

* 7 .
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A direct comparison of" lift characteristics of Figures 5 and 6

by plotting on the same C scale reveals the effect of slot height

variation. In the range of C 0.30, the 0.025-inch slot height pro-

duced a C reduction of as much as 13 percent of the corresponding

(same C and a) value for h = 0.01 inch. The reason for the reduced

performance of the larger slot height is complex and not fully under-

,stood, but is probably dependent on jet Reynolds number and on mixing

characteristics of the enlarged jet with the associated boundary layer.

It is rather apparent, however, that for the same C, the larger slot

height required a much lower plenum pressure, producing a reduced jet

velocity, (Figures 3 and 4). The kinetic energy flux in the jet, a

function of v 3, was thus reduced accordingly; these lower jet energy

levels at the Coanda surface were probably directly related to the

degradation of performance.
Whereas the 92.4 percent slot location was not particularly

effective in yielding high lift, Figure 9 (in comparison with Figure 26)

shows that it was in fact quite able to extend the range of positive a

operation. Unlike the far aft locations, this slot position yielded an

increase in C for an increase in positive incidence at constant C.P.

However, with increasing C, the "a-stall" occurred at progressively

lower a•..les of attack.

An interesting feature of tangential blowing over bluff trailing

edges was its apparent ability to exhibit viscous flow section properties

very close to those predicted inviscidly by potential flow. Figure 10

shows comparison between test and theoretical data for both blown and

unblown cases, where the. discrepancy for the unblown case was primarily .•

in the separated regime at the trailing edge. Application of blowing

caused very close agreement over the entire airfoil except: (1) down-

stream of the slot where the additional suction peak was produced by

the jet velocity (not predictable by potential flow alone) and (2) in

the lower surface trailing edge separation bubble region. Evaluation

of the wall jet contribution to the area wider the C curve allowed

calculation of the potential flow results for a reduced net C which

excluded this additional area. The agreement between test and theory

was then even better.

.'-t _7
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An additio, 1a capability of circulation control sections is.

shown in Figure 11, that being the generation of positive lift at

negative angles of attack. For no blowing, it is seen that the section

behaved as a conventional airfoil at negative incidence, generating a

negative lift due predominantly to lower surface suction. As blowing

was applied and increased, that condition was reversed. Suction was

transferred to the upper surface, with the lower surface contributing

very little to lift except at the trailing edge. The net result was

a positive C at negative o due primarily to supercirculation around

the airfoil. This represents a capability clearly not available from

a conventional section, and relative to the negative inflow angles

frequently encountered in rotary wing application, marks a quite desir-

able trait. Also noticeable in Figure 11 for the C = 0.202 case is a

local pressure rise at the second pressure tVp downstream from the slot,

This occurred quite frequently at the higher blowing rates for both
negative and positive incidence. Since its location was in the region

of rapid curvature change in the vicinity of the slot exit, this

behavior was attributed to a small separation bubble formed by the high

velocity jet unable to negotiate the sharp radius '.ariation. As
reattachment occurred immediately downstream, the overall effect

appeared to be negligible other than a very slight loaj in C A

The effect of thrus4 recovery on Iection draw, ooefi:ciert Is

indicated in Figures 12 and 13, where for a +00 the pure ellipse
performed very much as a jet flap. This wa* a result of the small

trailing edge radius, which was not conducive to effective Jot sheet

turning. Consequently, the jet detached froin the Coatdt surface at a

location closer to the slot and at a smaller auige Irels, to the free-
stream. This resulted in higher wake energy, levelj, lower mixingx• loases

and thus larger drag reductions over the unblowni cases. Other factors

contributing a less important but noticeable drag reduction were high,

leading edge suction peaks (before laminar bubble Vormation) and an
increase in lower surface base pressure with blowing. Above b degrees

9.
V 9 .. .' 
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angle of attack, the drag no longer decreased with C; in most cases

it increased. Reference to Figure 5 indicates that this rise in drag

occurred in the same regions at which the lift degradation began.

Study of the corresponding pressure distributions confirmed that the I
drag increase began at that value of C where the nose separation bubble

formed, followed in many cases at higher o by separation over larger I
areas of the upper surface.

Pitching Moment I
Typical of tangentially blown sections is the suction peak at

the trailing edge and resulting nose-down pitching moment. Figures 1
l1 and 15 depict the half-chord (probable location of a CC helicopter

blade spar) pitching moment for the pure ellipse, which because of its

elongated trailing edge, did not exhibit such large suction peaks as

the more rounded configuration. The moment coefficient did become

more negative with increased C , but nowhere near as rapidly as the

rounded'trailing edge (e.g., Figure 18 of Reference 1). However, at

higher a when the nose suction peak was reduced, the trailing edge

peak became more dominant and the Cm more negative.

Equivalent Lift-Drag Ratio

3ection performance can best be determined in terms of an equiva-

lent lift-drag ratio (A/de) which takes into account a penalty for the

kinetic energy required for blowing, and thus allows direct comparison

to unblown airfoils. The equivalent drag is defined as (see pages 8

and 9i Reference 1): &V
ud d + + ilV.

where d ij the momentum deficit drag in the wake (corrected for jet mass.

efflux), the second term is the kinetic energy flux and the third term
is a ram or intake penalty. In cqef•icient form, the equivalent lift-

drag ratio may then-be written as

V tI
.t/d 0 C Lc+ CI + c~

10



[ Figures 16 and 17 depict this parameter as a function of lift coefficient
for constant angle of attack (where the few points at negative C Aand

Adehave been omitted as of little interest). The maximum efficiencies

at negative and zero incidence occurred at low C lkand Cwhere at[positive cy the maxima occurred for the unbiown case ,ovrl (A/d)
max

43.5 at a = 90]. The forward slot location, small trailing edge radius,

[and nose separation bubble have combined to produce a configuration that
obtained higher C A accompanied by some relative loss in efficiency.

Nevertheless its ability to operate at positive angle of attack (Figure

18 plots (a/d over the p range) and lift coefficients up to 3.5
max

Srstill make it a desirable rotor tip section in a regime where required

C is not extremely high and resultant inflow angles may frequently be

positive.

* ROUNDED TRAILING EDGE ELLIPSE

Li ft

The rounded trailing edge configuration was tested subsonically

Iover the angle of attack range b20O 0 s o 9e , with momentum coefficients

o r. C 19 0.33, and for four slot heights: 0.010 inch, 0.025 inch., 0.050

inch and 0.005 inch. The momentum coefficient range was more limited

than the pure ellipse due to the effective Coanda jet turning, with

resulting very high negative pressure coefficients and impingement of

the jet on the tunnel floor. B~ased on results from 1References 1, 5, 8
9 and 10, the preference of the rounded trailing edge to operate at
negative angles was anticipated, and angle of attack test range was

shifted towards that regime. Figures 19 through 22 present the lift

characteristics as a function of C for the four clot heights. With

the exception of h a0.05 inch the CA vs. C P curves were very steep

and almost linear, indicating effective boundary 2%~yer control and high

lift augmentation. rowever 0 at zero and positive incidence, the

initially steep curves were subjected to large slope changes before

very high C was obtained. As was the ease with the pure ellipse,

this performance degradation was le arly attributable to tohe relatively
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sharp leading edge and associated reduction in auction peak under highj
circulation. Here again, low Reynolds number may have contributed a

significant effect. Figure 23 compares experimental pressure distribu-

tions for o - 3 degrees and hI 0.01 inch; the highest nose suction

peak occurred for C-= 2.72, the point in Figure 19 where the slope

change began. An increase in C produced a drop in nose suction and

a decrease in slope of the curve. However, as can be seen in Figure 23,

the overall lift coefficient continued to increase as the nose loss

was compensated for by increased suction over the mid chord. An impor-

tant difference in this nose regime was noticed relative to the pure

ellipse, which showed a very distinct separation bubble in the leading

edge pressure distribution (Figure 8). The rounded configuration never

displayed this characteristic as such, but as Figure 23 verifies, the

nose peak gradually reduced with blowing until it reached a certain

value of C p (approximately -4.9 in this case but varying with o').

Comparison of lift coefficients at the same C and a but different

slot heights showed the same trends as for the pure ellipse: increase in

slot height yielded reduced C . The apparent cause was again lower

energy levels in the Jet with increased slot height. An exception was

found for the very small (h = 0.005 inch) slot height, which showed

inferior performance relative to the larger h a 0.01 inch slot. It

is felt that the cause was a result of boundary layer buildup in the

nozzle throat causing reduced Coanda effectivenes., as well as a result

of difficulty in uniformly setting that small slot height on the model.

Litt augmentations for two slot heights are presented in Figures 24 and

25, with the h = 0.01 inch height yielding almost twice the auqentation

of the 0.025 inch slot. Figure 26 shows the effect of far aft slot

position in generating high lift at negative incidence. An increase in

blowing shifted C towardu a more negative angle of attack. However,

except for the lower values of blowing, an increase in positive incidence '

('or constant C ) soon resulted in a decrease in lift, undoubtedly a

disadvantage if operation at positive blade inflow angles were anticipated.

.7,"Ir '
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I A comment should be made concerning the nonlinearity of the
curves in Figure 21 for the 0.05 inch slot height at lower C

Apparently, the increase in slot height sufficiently changed the

external surface shape enough to effect the boundary layer transition

on the upper surface. Oil flow studies and very closely spaced data

points relating to a similar phenomenon in Reference 10 indicate that
the reflex in the CL vs. C rurves actually approached a discontinuity

L in the curve immediately preceeding the change to a reduced slope.

Drag

I Variation in drag coefficient with blowing is presented in

Figures 27, 28 and 29 (Drag data and resulting A/de for h - 0.005 inch

W are uncertain due to nozzle boundary layer and nonuniformity of the
slot, and are thus not included). At negative a, and for low blowing

rates at positive ot, the rounded ellipse also performed as a Jet flap

with the excess momentum in the jet sheet after detachment producing

a thrust resulting in zero or negative drag. However, for higher C

at positive ot, the jet turning angle was greater. Delayed jet detach-

I ment (i.e., at a greater arc length downstream from the slot) caused
mixing losses with the freestream and yielded the resultant low energy

wake accompanied by a much enlarged wake width. Comparison of lift and

I• drag curves (for example, Figures 19 and 27) indicated that the change

in the lift slope corresponds exactlY(same C ) to the ;. dden rise in

I. drag, which implies that the drop in nose suction must have had some

effect on the increase in drag. (The same result appeared true for

the pure ellipse, although the drag increase was not so sudden.)

Pitching Moment

Pitching moment coefficients are presented in Figures 30 and 31

for two slot heights (the other two showed very similar trends). The

high trailing edge suction peaks produced much greater nose-down moments

than for the pure ellipse. At positive incidence, the rises in the

I curves were due to redistribution of lift over the forward portion of

the upper surface (see Figure 23).

13
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Equivalent Lift-Drag Ratio

Section efficiencies are presented in Figures 32, 33 and 34,

where in spite of the high sectional lift coefficient, the rounded
configuration generated equivalent lift-drag ratios of 40 or less at

.C ; 1.25 and h = 0.01 inch. An unexpected result was that the max-

imum efficiencies occurred at positive incidence (Figure 35). It

appears that the higher A/de values were generated at low or zero

blowing, thus indicating that the lift due to-incidence dominated

lift due to blowing in the regime of higher efficiency. A requirement

to operate at higher lift obtained by blowing would thus be associated

with an overall reduced efficiency. However, the need for high CA at

the rotor tip section is doubtful, and if operation at a : 70 is antic-

ipated, a comparison of Figures 35 and 18 points to the rounded config-
l

uration as the more efficient. In both cases, it appears that an

increase in slot height can be detrimental to efficiency.

COMPARISON

Variation in trailing edge radius on the two CC 15-percent thick

sections, which were otherwise identical, yielded large differences in

section properties. Figure 36 compares the maximum lifting characteris-

tics, where it is seen that for the range of C m 0.20, the rounded

trailing edge roughly doubles the values produced by the pure ellipse.

The C A values shown for each o are maxima within the range of momentum

coefficients 0 t C• - 0.20, the upper limit resulting from test

limitations (floor impingement and transducer range) on the rounded

ellipse with h = 0.0.. 3ince this value was not the limit for the.

remaining configurations, these data are not be taken as section over-

all maximum C . Data for a conventional rotor section, the NACA 0012

(from Reference 11) at Mw = 0.2 is plotted for comparison to the CC

sections (at Mz = 0.12). Its lifting capability is restricted by the

Kutta condition at the sharp trailing edge, a condition overcome by j
the bluff trailing edge of the CC sections and their ability to control

circulation by movement of the stagnation point. Whereas the drag on

the blown sections can be reduced to far less than that of the 0012,

14
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the power required as reflected in the parameter A/de reduced the CC

efficiency to' less than half that of the unblown 0012, as seen in

L Figure 37. (The comparison is being made for airfoils of unlike thick-

ness, where the additional 3-3.6 percent was somewhat detrimental to

CC profile drag, but due to somewhat larger nose radius, was helpful

in lift. In addition, the 0012 was tested at Re = 12 x 108 which would

introduce farther differences between the two tests.) Clearly, the

advantage of these thip circulation control sections does not lie in

high efficiency, but rather in their ability to generate a large range

[ of lift coefficients over a wide range of positive and negative angle

of attack. Coupled with the pure ellipse's transonic performance,

L this ability to operate cyclically with performance variation from

blowinginstead of change in incidence, should provide the basis for

much improvement in rotor tip section design. Figure 38 presents a

comparison of both subsonic (M, = 0.3) and transonic (M = 0.7) perfor-

I mance, where all data on the solid curves for the pure ellipse are

I comparable to only the two points for the 0012 for the same small

angle, -- 0.8 degrees.

CONCLUSIONS

j lSubsonic tests conducted on two 15-percent thick circulation

control ellipses indicated that subsonic performance was heavily

dependent on prevention of leading edge separation at higher lift

coefficient. Comparison of experimental data over a wide range of

angle of attack and momentum coefficient yielded the following

conclusions:

• The pure elliptic configuration, due to its more forward slot

location, displayed increased upper surface boundary layer control, and

was thus able to operate effectively at positive angles. Its small

trailing edge radius prevented good Coanda turning, resulting in maximum

lift coefficients of 2.8 and lift augmentation ratios of 30 for C • 0.30

but reduced nose-down pitching moment. The excess energy in the jet sheet

after detachment greatly reduced drag, thus generating maximum equivalent

efficiencies of 43 at C P 1.0."

a -, . , .
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*The larger trailing edge radius of the rounded ellipse generatedj

strong Coanda attachment, resulting in preference for negative angles,

where a maximum C of 4.25 was generated at cl = -60 and C, 0.,aln]

with associated lift augmaentations of 67. Drag levels were generally

higher than those of the pure ellipse, resulting in a maximum A/d e of
40 at C =1.25.

*Due to higher energy levels in the jet sheet, the 0.01 inch

slot height for both models was more effective than larger values. The

reduced performance of the 0.005 inch height on the rounded ellipse was

probably due to boundary layer buildup in the nozzle throat and resulting

* poor Coanda flow.

*Comparison of the CC sections to the conventional NACA 0012

indicates much higher lift capabilities over a wider angle of attack

range for the blown sections. However, due primarily to the penalty

for blowing paid by the CC sections, the 0012 generated twice the

* efficiency at higher positive ot.

These results indicate that a thin circulation control section

capable of.good transonic performiance can also perform well in the

subsonic regime over a wide angle of attack range, The present teats

suggest that future investigations be conducted on larger leading

edge radii (or perhaps ovoid shaped noses), variation in longitudinalA
slot location, and a composite trailing edge configuration bas~ed on

the promiising features of both the pure and rounded ellipses.- In

addition, testing at higher Reynolds number should be seriously considered.

Aviation and Surface Effects Departmnent
Nqval Ship R~esearch and Development Center.

* . lBethesda, Maryland 20034
August 1971
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